Introduction
Over the past decades, fuel cells have become devices that can best meet our energy demands and create a better environment for mankind. In particular, direct methanol fuel cells (DMFCs) in portable electronic devices and transportation applications have attracted increased attention because of the much higher energy density of liquid methanol fuels than gaseous fuels, such as hydrogen [1] . Electrocatalytic materials with high activity for the methanol oxidation reaction (MOR) are critically needed to enhance the performance of DMFCs. Currently, Pt is the most active and indispensable material for methanol oxidation, especially in acidic media. However, Pt is a precious metal and therefore very expensive. In addition, during the anodic process of methanol dehydrogenation, strongly adsorbed carbonaceous species, such as CO, are produced as reaction intermediates, heavily poisoning the Pt surface and inhibiting further adsorption of methanol molecules [2, 3] . Therefore, further enhancements in Pt utilization efficiency and catalytic activity are fundamentally important for the widespread use of DMFCs [4] . Arranging Pt as thin shells on other substrates with a coreeshell or decorated structure greatly enhances the utilization of Pt because of the improved dispersion of the metal. This method also improves material properties because of the strain and ligand effects exerted by the core substrate on the supported Pt overlayer [5, 6] .
Metal oxides have attracted great interest for their use in catalyst supports [7] , magnetic materials [8] , and photocatalysts [9] as well as their applications in electrochemical [10] , optical [11] , and electronic devices [12] . Metal oxides, such as TiO 2 , WO x , and CeO 2 , in combination with Pt, can effectively promote methanol electrooxidation and show significant tolerance to CO poisoning. The enhanced catalytic behavior of the composite catalysts is ascribed to synergistic effects between the oxides and Pt, similar to the bifunctional mechanism [13] . Among other low-cost oxides, Fe 2 O 3 nanoparticles may be used as a catalyst support material because of their excellent physicochemical properties, such as high surface area and sizable surface defects. Dhavale et al. [14] synthesized a high-performance coreeshell Fe 2 O 3 /Pt electrocatalyst for oxygen reduction at significantly low Pt loadings.
Iron oxide nanoparticles in the amorphous state are more interesting than their crystallized counterparts when used as a catalyst because the former can form dangling bonds and yield higher surfaceebulk ratios [15] . More importantly, amorphous iron oxides do not exhibit the long-range order characteristic of a crystal. The short-range orders of these nanoparticles at the atomic length scale are due to the nature of chemical bonding in the particles. The lattice defects of nanoparticles have distinct implications for mediating atomic arrangement as well as tuning the electronic structure and coordination of the outer shell [16e18]. Based on this concept, arranging Pt as thin shells on an amorphous iron oxide core may improve its catalytic performance. Amorphous iron oxide efficiently stabilizes Pt particle dispersion, which increases the active surface area per weight of Pt and ensures the availability of sufficient OH ads species at lower overpotentials to allow oxidation of the majority of adsorbed poisoning species (e.g., CO) on Pt during methanol electrooxidation. Metal oxides may also interact with the Pt shell by quantizing Pt energy bands or changing the bonding coordination on the Pt shell, which has an important function in CO ads electrooxidation. The core of amorphous iron oxide nanoparticles has an especially significant impact on epitaxial heterogeneous growth on the particle surface. The core may cause shortrange or even long-range disorder in the arrangement of Pt atoms and facilitate the development and formation of microcrystalline Pt thin films. Thus, amorphous iron oxides are promising additives for Pt catalysts. Coreeshell structural catalysts for MOR have been widely investigated by several research groups. However, to the best of our knowledge, few studies have been conducted on methanol electrooxidation using coreeshell Fe 2 O 3 /Pt catalysts. Furthermore, these studies do not discuss the influence of amorphous iron oxide as cores on Pt shell. As such, research on the synthesis and catalytic activities of coreeshell Fe 2 O 3 /Pt nanoparticles with amorphous iron oxide cores will be of considerable value.
This work reports a facile route for synthesizing coreeshell Fe 2 O 3 /Pt nanoparticles with amorphous Fe 2 O 3 cores with focus on cost and activity. The Fe/Pt atomic ratios used were varied from 1/1 to 4/1. Coreeshell Fe 2 O 3 /Pt nanoparticles showed better catalytic performance for MOR than the E-TEK 40 wt% Pt/C catalyst. The microstructures of the as-prepared nanoparticles were also investigated. ). All chemicals and materials were used without further purification. We prepared all aqueous solutions with ultra-pure water (Milli-Q, Millipore). High-performance 40% Pt supported on Vulcan XC-72 carbon black (Pt/C electrocatalyst) was purchased from BASF E-TEK Corp. and used for comparative analysis.
Experimental methods

Chemicals and materials
Analytical
Nanoparticle synthesis
Coreeshell Fe 2 O 3 /Pt nanoparticles were synthesized by the twostep chemical reduction of the desired metallic precursor in liquid organic medium (Fig. 1) . Briefly, 0.2 mmol FeCl 2 and 0.5 mmol TOAB were dissolved in 10 mL of THF in a three-neck round-bottom flask under flowing argon gas. LiB(C 2 H 5 ) 3 H solution (6 mL) was added dropwise into the mixture under an argon atmosphere at 25 C. After w30 s, the solution turned black. 
Electrode preparation
The samples under study were deposited onto a working electrode using ink. The working electrode was a glassy carbon rotating disk electrode (RDE, HochtemperatureWerkstoffe GmbH, Germany) with a diameter of 3 mm and electrode area of 0.07 cm 2 .
The electrode surface was cleaned to a mirror-finish with alumina slurry and washed with acetone and ultra-pure water before each experiment. Then, 2 mg of the as-prepared nanoparticles was mixed with 3 mg of Vulcan XC-72 carbon black in 5 mL of ultrapure water. The mixture was stirred using an ultrasonic crasher for 15 min to form a homogenous ink. The ink (6.0 mL) was transferred onto the freshly polished electrode using a microsyringe and dried at 60 C for 30 min to produce a homogenous coating. To improve mechanical durability and stability, 7. 
Physical characterization
The morphology of the samples was characterized by a Tecnai G2-F20 field emission transmission electron microscope (TEM) at 200 kV. Powder X-ray diffraction (XRD) patterns were obtained using a D/max-2700 X-ray diffractometer operating with Cu Ka radiation (l ¼ 0.154056 nm) at 40 kV and 30 mA. The XRD profiles were recorded at a scanning rate of 8 min
À1
. Diffraction peaks were assigned according to the International Center for Diffraction Data cards in the PDF-2 database. Bulk compositional analysis was conducted using an energy dispersive spectroscope (EDS) as a scanning electron microscope accessory. The surface compositions of the Fe 2 O 3 /Pt nanoparticles and chemical states of the surface Pt atoms in the Fe 2 O 3 /Pt nanoparticles were characterized by experimental X-ray photoelectron spectroscopy (XPS) with an XSAM800 instrument (Kratos, UK) fitted with an Al Ka (hn ¼ 1486.7 eV) 180 W X-ray source.
Electrochemical characterization
Electrochemical measurements were performed with a multichannel VMP3B-20 (Princeton Applied Research) potentiostat controlled by EC-Lab software and the typical setup of a threeelectrode electrochemical system. The cell was a 50 mL glass vial that had been treated with H 2 SO 4 eHNO 3 solution and washed with ultra-pure water before each experiment. The working electrode was an RDE. A Pt coil (BAS Instruments, USA) was used as the counter electrode. The reference electrode was a K 2 SO 4 saturated HgjHg 2 SO 4 electrode (MSE, BAS Instruments, USA). This electrode was placed as close as possible to the working electrode. All potentials are reported as E versus (MSE)/V. The electrolyte used for the electrochemical measurements was 0.5 M H 2 SO 4 . To dispel slight contaminations from the Nafion and study the methanol electrooxidation process, a series of cyclic voltammetry (CV) experiments were conducted. The electrolyte was purged with nitrogen for 30 min to deaerate the system before each CV measurement. The electrodes were cycled at 50 mV s À1 between À0.65 and 0.7 V until reproducible cyclic voltammograms were obtained. These voltammograms indicated that the catalysts were stable under the experimental conditions. The electrocatalytic characteristics of all samples were studied by CV, chronoamperometry, and in situ Fourier transform infrared (FTIR) reflectance spectroscopy in N 2 -saturated 1.0 M CH 3 OH þ 0.5 M H 2 SO 4 solutions at room temperature.
Spectro-electrochemical measurements were performed by in situ FTIR spectroscopy (Thermo Electron Corporation, USA) using a Nicolet 6700 FTIR spectrometer equipped with a mercuryecadmiumetelluride detector cooled with liquid nitrogen and a thinlayer infrared (IR) cell with an array of catalyst electrodes. A CaF 2 disk was used as the IR window, and a thin layer of solution was formed by moving the array of catalyst electrodes during in situ FTIR spectroscopy measurements. A single potential alternation FTIR procedure [19] was performed to investigate methanol oxidation. The electrode potential was maintained at 0.70 V for 5 s to clean the surface of the working electrode and remove any adsorbates by oxidation. The potential was then switched to À0.65 V for 2 min to refresh the thin layer of solution. The resulting spectrum was calculated using Eq. (1) [20] :
where R(E R ) and R(E S ) are the reference single-beam spectrum and sample single-beam spectrum, respectively. Each single-beam spectrum was acquired by collecting and co-adding 300 interferograms at a spectral resolution of 16 cm
À1
. without any noticeable shift. This result indicates that the products are not FeePt alloys, which exhibit diffraction peaks between Fe and Pt [22] . Furthermore, the diffraction peak intensity of Pt gradually decreases with decreasing Pt contents in the Fe 2 O 3 /Pt nanoparticles. For Fe/Pt atomic ratios larger than 2:1, the diffraction peak of Pt is not observed, possibly because the Pt shell loaded in the amorphous Fe 2 O 3 surface in the crystallite has a very small crystal orientation. Amorphous Fe 2 O 3 has many lattice defects that can significantly affect epitaxial heterogeneous growth on the particle surface. This effect is not conducive to the directional arrangement of Pt atoms and results in the development and formation of a microcrystalline Pt thin film. Therefore, this phenomenon should be investigated to improve the properties of Pt catalysts. Fig. 3 
Results and discussion
Physical and chemical analysis
Electrochemical analysis
To understand the coreeshell structure of the Fe 2 O 3 /Pt nanoparticles, a series of nanoparticle catalysts are examined by CV in 0.5 M H 2 SO 4 solution. The Pt/C catalyst is included for comparison. This technique is sensitive to surface compositions and structures and detects the electrochemical properties of surface atoms rather than bulk atoms [26] . The result is shown in Fig. 5 . All Fe 2 O 3 /Pt nanoparticle catalysts exhibit adsorption/desorption CV characteristics of hydrogen and oxygen very similar to those of Pt/C, i.e., hydrogen evolution zone from À0.65 V to À0.35 V, double layer formation zone from À0.35 V to À0.1 V, and Pt oxidation/reduction zone above À0.1 V. Therefore, these nanoparticles have Pt surfaces, thus confirming earlier TEM results and showing that the prepared nanoparticles possess a Fe 2 O 3 /Pt coreeshell structure. The electrochemically active surface area (EAS) of the catalysts is one of the most important parameters for determining the electrocatalytic activity for methanol oxidation, which occurs on the surface of Pt particles [27] . Based on the monolayer adsorption of hydrogen on the Pt surface, the real EAS of Pt-based catalysts under the hydrogen adsorption/desorption peak can be calculated by integrating the hydrogen desorption region of the CV [28] . The EAS of the different catalysts was calculated using Eq. (2):
where Q H is the integral of the hydrogen desorption peak on the Pt surface (C m Table 1 presents the calculated EAS value of all catalysts. The EAS of the H 2 desorption peaks are larger for all coreeshell catalysts than that for the Pt/C catalyst, indicating better Pt utilization for coreeshell nanostructure catalysts than that for the Pt/C catalyst. Therefore, the presence of amorphous iron oxide efficiently enhances the dispersion of Pt particles because of the increased active surface area per weight of Pt.
Considering that long-term structural stability is also important for electrocatalysts [32] , this property was evaluated in Fe 2 O 3 /Pt nanoparticles and Pt/C catalyst by continuous CV cycling from À0.65 V to 0.7 V in 0.5 M H 2 SO 4 solution at room temperature. Fig. 6 shows the cyclic voltammograms and the evolution of the EAS of all catalysts after an increasing number of potential cycles. The variation in structure stabilities shows the importance of catalyst composition and structure. The EAS of Fe 2 O 3 /Pt-a and Fe 2 O 3 /Pt-b slowly decreases with increasing scan cycles, finally maintaining values about w86% and w89% of the initial value after 6000 CV cycles. By contrast, the EAS of Fe 2 O 3 /Pt-d and Pt/C decreases to about w66% and w59% of the initial value. This result reveals that the structural stability of the prepared coreeshell nanoparticles is much higher than that of the Pt/C catalyst. The coreeshell architecture with an amorphous Fe 2 O 3 core prevents Pt dissolution, nanoparticle aggregation, and loss of contact to the carbon black support compared with the Pt/C catalyst. The significant decrease in EAS in the Fe 2 O 3 /Pt-d sample may be attributed to the dissolution of amorphous Fe 2 O 3 because the Pt shell is too thin to completely cover the amorphous Fe 2 O 3 core. Fig. 7 presents the Pt loading mass-normalized cyclic voltammograms for all of the catalysts in 0.5 M H 2 SO 4 þ 1.0 M CH 3 OH solution. The voltammograms exhibit markedly different voltammetric features in terms of oxidation peak potential and specific activity. Two representative oxidation peaks are investigated. The first one is between À0.1 and 0.4 V in the forward scan (peak 1) and the second is between À0.3 and 0.2 V in the backward scan (peak 2). The current peak for the forward scan (j f ) is ascribed to the oxidation of freshly chemisorbed species originating from methanol dissociative adsorption, forming Pt-adsorbed carbonaceous species including CO and CO 2 . This adsorbed CO poisons the catalyst. The reactions can be expressed as follows ( (3) and (4)) [33] :
The current peak for the backward scan (j b ) is primarily associated with the removal of carbonaceous species that are not completely oxidized in the forward sweep and caused by freshly chemisorbed species [34e36], as shown in reaction (5).
Based on the above deduction, the ratio j f /j b is used to describe the tolerance to incompletely oxidized species accumulated on the surface of the electrode. A higher ratio indicates more effective removal of poisonous carbonaceous species on the catalyst surface [37, 38] . The values of the onset potential (E onset ), peak potential (E p ), maximum current density (normalized by EAS and Pt loading mass), and ratio j f /j b of all of the catalysts are listed in Table 1 . The peak potentials in the positive-direction scan of all Fe 2 O 3 /Pt catalysts are lower than that of Pt/C, indicating the facile reaction [5] . Furthermore, the higher dispersion and utilization of Pt can be achieved when Pt is deposited on the surface of the nanoparticle core [39, 40] . The electrochemical oxidation of the carbonaceous intermediate can also be promoted by amorphous Fe 2 O 3 cores. Evaluation of long-term catalytic activity is important for the practical application of electrocatalysts [41] . To confirm the longterm performance of the coreeshell Fe 2 O 3 /Pt catalysts for methanol oxidation, a chronoamperometry test at 0.2 V versus the MSE was conducted for a period of 9000 s. Fig. 8 shows the chronoamperometry curves for all catalysts in 0.5 M H 2 SO 4 þ 1.0 M CH 3 OH solution. At short testing times, the oxidation current rapidly decays for all catalysts possibly because of catalyst poisoning by intermediate species, such as CO ads , CH 3 OH ads , CHO ads , and OH ads , which form during methanol oxidation reaction [42] . After 2000 s, the rate of current decay gradually slows and remains pseudo-stable. This long-term current decay is due to the accumulation of CO-like species on the catalyst surfaces, which is caused by the decomposition of methanol molecules. Surfaceadsorbed SO 4 2À anions on the catalysts also lead to current decay by restricting the reaction active sites [43, 44] . The chronoamperograms obtained were used to obtain the rate of long-term poisoning (d) of the catalysts, which is expressed as the percentage of poisoned catalyst per second (% s À1 ) [45, 46] , using the following equation (6):
where dJ/dt is the slope of the linear portion of the current decay, and J 0 is the current at the start of polarization back extrapolated from the linear current decay. The percentage of poisoning for all catalysts is listed in [50] . Finally, amorphous Fe 2 O 3 has many lattice defects that may significantly affect epitaxial heterogeneous growth on the particle surface and yield favorable structural arrangements of Pt atoms on the particle surface, such as more active sites or larger PtePt interatomic distances, during the electrooxidation of methanol.
Conclusions
The experimental results obtained in this work show that coree shell Fe 2 O 3 /Pt nanoparticles with amorphous Fe 2 O 3 cores may be successfully synthesized by a two-step chemical reduction method in liquid organic medium. The coreeshell structure can be characterized by various physical and electrochemical techniques. Catalytic performance may be tested using MOR as an indicator. All of the coreeshell nanoparticles with complete and thin Pt shells on the amorphous Fe 2 O 3 core show superior Pt utilization (specific mass activity), tolerance to carbonaceous species poisoning, and higher CO 2 selectivity for methanol oxidation in acidic medium than the E-TEK 40 wt% Pt/C catalyst. Furthermore, the catalytic activity of coreeshell Fe 2 O 3 /Pt nanoparticles first increases and then decreases with decreasing Pt content. This significant improvement in catalytic performance may be attributed to the uniform distribution of Pt particles on the amorphous Fe 2 O 3 surface as well as interactions between the Pt particles and amorphous Fe 2 O 3 cores.
These findings demonstrate that amorphous iron oxides are excellent substrates for synthesizing coreeshell Pt catalysts. This study provides new insights for further developing and designing efficient catalyst materials for DMFC applications.
